An analytic model for the advantage of the early application of electron cyclotron current drive (ECCD) in the suppression of neoclassical tearing modes (NTMs) is presented. The improved performance of early ECCD is attributed to the second (smaller) saturation island width, which appears for sufficiently small (relative to the ECCD deposition width) critical island widths, in the strongly non-linear growth rate profile. The operational range for the advantage of early ECCD is obtained and it is shown that it is favored by broad deposition profiles. The preliminary experimental results in ASDEX Upgrade [H. Zohm et al., Nucl. Fusion 41, 197 (2001)] are consistent with the present model. 1
INTRODUCTION
Neoclassical tearing modes (NTMs) are beta-limiting instabilities, which have been observed and investigated in most high-beta tokamaks [1] [2] [3] [4] . Their behavior and control by electron cyclotron current drive (ECCD) has been also investigated in ASDEX Upgrade [5] , DIII-D [6] and JT-60U [7] [8] , and it was confirmed that these modes can be (partly or completely) suppressed by localized ECCD inside the magnetic island, or even avoided by early application of ECCD (i.e. before the growth of the NTM) at the rational surface [9] . A unique result, however, recently obtained in JT-60U [7] during early and late ECCD in identical discharges was that the saturation amplitude of these modes in the former case (i.e. during early ECCD) was significantly lower than in the latter case (i.e. during late ECCD). The interpretation, proposed by the JT-60U Team [8] , is that the presence of a pre-existing magnetic island has an impact on the effect of localized ECCD on the equilibrium and, hence, local stability criteria (such as the equilibrium Δ′ ) are different for late and early application of ECCD (with and without a magnetic island). In the present work we present an analytic model in which the advantage of early ECCD is attributed to the non-linear growth rate of the NTM, which exhibits two stable saturation amplitudes, and the presence of the magnetic island has no impact on the equilibrium during localized ECCD. Subsequently we present preliminary experimental evidence which supports this interpretation in ASDEX Upgrade.
II. THE NON-LINEAR GROWTH-RATE OF NTMS
The growth and the evolution of magnetic islands can be described by the well-known Rutherford equation, which in the presence of the neoclassical excitation and localized ECCD has the form [10] ⎟ 
where • During early ECCD at the rational (q=m/n) surface (in the absence of a magnetic island) the NTM grows when a sufficiently broad seed island develops. The growing island eventually saturates when its width reaches the smaller stable solution.
• During late ECCD, inside a pre-existing saturated island, the growthrate of the island becomes negative (i.e. 0 < dt dw ), and the island shrinks. The shrinking island eventually saturates when its width reaches the larger stable solution of the modified growth-rate profile.
In Fig. (1) it is also seen that for early ECCD in the absence of the second (smaller) stable solution, the growth of the NTM is much slower and requires a broader seed island, but the NTM finally saturates at the same amplitude with the late application. In different words, an advantage of early ECCD is always present in the triggering of the NTM, but not always in the saturation.
III. THE NECESSARY CONDITIONS FOR THE ADVANTAGE OF EARLY ECCD
For the assessment of the advantage of the early ECCD, we assume One necessary condition for the two stable solutions, which becomes obvious in Fig. 1 , is that the growth rate profile has a minimum at . In mathematical terms this equivalent to
The advantage of Eqs. (7) is that the derivative (with respect to on both sides) eliminates the constant parameter , and couples only w 0 g α and .
Using in Eq. (6) the different analytic expressions of (for and ), Eqs. (7) subsequently take the form A second necessary condition for the presence of the smaller stable solution, which also becomes obvious in Fig. 1 , is that the minimum value of the growth-rate at is negative, and the maximum value of the growth rate for is positive, i.e. The triangular marker indicates the operational point for the discharges in 
